One strain of Bradyrhizobium canariense (L-7AH) was selected for its metal-resistance and ability to nodulate white lupin (Lupinus albus L.) plants, from a collection of rhizobial strains previously created from soils of the Almadén mining district (Spain) with varying levels of Hg contamination. Plants were inoculated with either strain L-7AH (Hg-tolerant) or L-3 (Hg-sensitive, used as control), and watered with nutrient solutions supplemented with various concentrations (0e200 mM) of HgCl 2 in a growth chamber. L. albus inoculated with L-7AH were able to nodulate even at the highest concentration of Hg while those inoculated with L-3 had virtually no nodules at Hg concentrations above 25 mM. Plants inoculated with L-7AH, but not those with the control strain, were able to accumulate large amounts of Hg in their roots and nodules. Nodulation with L-7AH allowed plants to maintain constant levels of both chlorophylls and carotenoids in their leaves and a high photosynthetic efficiency, whereas in those inoculated with L-3 both pigment content and photosynthetic efficiency decreased significantly as Hg concentration increased. Nitrogenase activity of plants nodulated with L-7AH remained fairly constant at all concentrations of Hg used. Results suggest that this symbiotic pair may be used for rhizoremediation of Hg-contaminated soils.
Introduction
Mercury (Hg) is a scarce heavy metal on earth. However, its historic use for different human activities has led to its dispersal in the atmosphere and most soils and waters in our planet [1] . Furthermore, some distinctive characteristics of Hg such as its high vapor pressure have contributed to make it a global pollutant. The Almadén mining district is a region in South Central Spain where Hg has been extracted for over 2,000 years, producing a dispersal of this heavy metal in an area of approximately 300 km 2 [2, 3] . Hg contamination affects the growth and development of plants at all levels. This heavy metal produces abnormal germination, decreases biomass production, affects protein function, inhibits photosynthesis, disturbs water uptake, etc., in many different plants (see Ref. [4] for a review). Remarkably, even though Hg is harmful, many plants can survive in its presence. Some of them accumulate its metallic form, mainly in their roots with hardly any translocation to the aerial parts [5] . Krupp et al. [6] proposed that metallic mercury bound to phytochelatins would be readily transported from the cytosol to the vacuoles, trapping Hg in the roots. The ability of certain plants to sequester, extract or detoxify pollutants, such as Hg, can be used to amend contaminated soils in a practice designated phytoremediation [7] . Phytoremediation of elemental pollutants may be achieved through phytoextraction [8] or phytostabilization [9] . Both technologies are cost effective and environmentally friendly.
Legumes are particularly well suited plants to withstand heavy metal stress, and several studies have focused on the Hg uptake and accumulation capacity of species such as Medicago sativa [10] , Vicia sativa [11] and Lupinus albus [12] . Particularly, L. albus cv. G1, the biovar used in the present study proved to be quite sensitive to Hg and the presence of this heavy metal severely affected several plant traits such as biomass, leaf area, pigment concentration in the leaves or stomatal conductance [13] . Interestingly, there is no information in the literature on the role of rhizobia (legume-nodulating N-fixing bacteria) on the Hg tolerance of legumes and, to our knowledge, there is also no work related to nodulated legumes. Ruiz-Díez et al. [14] and Nonnoi et al. [15] have recently described the isolation and identification of rhizobial strains from Hgcontaminated soils collected at different locations in the Almadén mining district. Among those strains, Bradyrhizobium canariense L-7AH was isolated from soils of Almadenejos, a village southeast of Almadén with extremely high levels of Hg contamination (up to 15,900 mg kg À1 of soil) [16] . This strain proved to survive in the presence of Hg in the Almadenejos soils, but also when cultured in vitro [14] .
In the Rhizobium-legume symbiosis, the specific attributes of both the bacteria and the plant are often reflected in the symbiotic pair [17] . For example, in the Medicago truncatulaeEnsifer meliloti symbiosis, when either the plant or the bacteria were transformed to express a cyanobacterial flavodoxin (a ROS detoxifying enzyme), the resulting symbiotic pair became tolerant to salt and Cd stress [18] . The BradyrhizobiumeLupinus symbiosis has been shown before to have significant levels of tolerance to several abiotic stresses, such as (1) nitrate [19] , (2) herbicides [20] or (3) salt [21] . Although there are many studies on the negative effects of heavy metals on lupin, those dealing with Bradyrhizobium-nodulated plants are scarce [17] . Among them, Zornoza et al. [22] showed that Cd inhibited growth and nitrogenase activity, Sánchez-Pardo et al. [23] showed that Cu inhibited nodule formation and N 2 fixation, and Pastor et al. [24] showed that Zn negatively affected plant growth and nitrogenase activity.
The present work was planned as a consequence of the above described antecedents. On one hand, the recent discovery of a B. canariense strain (L-7AH) with very high tolerance to Hg [14] , led us to consider the possibility of studying the effect that the inoculation of L. albus with this Hg-resistant strain would have on their growth and development in an Hg-contaminated substrate. On the other hand, the BradyrhizobiumeLupinus symbiosis has proven to be particularly tolerant to different abiotic stresses, heavy metals among them. The aim of this work was to test whether inoculation with a mercury-resistant Bradyrhizobium strain would confer L. albus the ability to grow under high concentrations of Hg and accumulate this heavy metal. This would be done by growing plants inoculated with an Hg-resistant strain and exposing them to a range of Hg concentrations under controlled conditions.
Results
The inoculation of plants with either an Hg-tolerant strain (L-7AH) or an Hg-sensitive strain (L-3) had a clear effect on their response to Hg exposure.
Mercury accumulation in the plants
L. albus plants accumulated different amounts of Hg in their tissues depending not only on the Hg concentration in the nutrient solution but also on the rhizobial strain used to inoculate them ( Fig. 1 ). Results showed that Hg was greatly accumulated in the plant roots and nodules, but not in the aerial parts ( Fig. 1 ). Plants inoculated with L-7AH were able to accumulate large amounts of Hg in their nodules and roots, particularly at high concentrations (above 50 mM). On the other hand, plants inoculated with L-3 accumulated quite large amounts of Hg in their nodules when the concentration of this heavy metal was between 5 and 50 mM, but not at 100 mM (Fig. 1A) . These plants accumulated a similar amount of Hg in their roots when the concentration of this heavy metal was 5e25 mM. However, at concentrations of 25e50 mM Hg in the nutrient solution, plants inoculated with L-3 accumulated much less Hg in the roots than in the nodules ( Fig. 1A and B ). Finally, L. albus plants inoculated with either strain of B. canariense accumulated almost zero amounts of this heavy metal in their leaves, even at high concentrations of Hg in the nutrient solution ( Fig. 1C ).
Effect of mercury on plant growth and flowering
As shown in Fig. 2A and C, after six weeks of experiment the plants inoculated with the Hg-tolerant strain L-7AH of B. canariense all had very similar size and biomass of the aerial parts, independently of the Hg concentration in the nutrient solution. They also showed the same dark-green color characteristic of healthy L. albus leaves and were flowering. On the other hand, plants inoculated with L-3 had the same phenotype as the ones inoculated with L-7AH when they were grown in the absence of Hg or its concentration was low (5 or 25 mM) ( Fig. 2B and C). However, when Hg concentration was 50 mM or higher, plants were significantly smaller, chlorotic and did not develop flowers ( Fig. 2B ) and their aerial parts biomass was significantly lower (Fig. 2C ).
Effect of mercury on pigment accumulation in the leaves
The plants inoculated with L-7AH were capable of maintaining constant chlorophylls ( showed a significant decrease in pigment content when total chlorophylls ( Fig. 3A ) and xanthophylls ( Fig. 3B ) were analyzed. The levels of both chlorophylls and xanthophylls were similar in the absence of Hg or at a very low concentration (5 mM) but, as Hg concentration increased further, the contents of all pigments were reduced to around 50% of the level observed in plants inoculated with L-7AH. All pigments analyzed showed similar kinetics (see Supplementary data) with the exception of zeaxanthin (Fig. 3C ).
The content of this xanthophyll in the leaves was constant in plants inoculated with either B. canariense strain and at any Hg concentration in the nutrient solution.
Effect of mercury on photosynthetic efficiency
The changes in the pigment content of the leaves suggested changes in the photosynthetic performance of the plants. To study that, the stress tolerance of the photosynthetic apparatus was tested using modulated fluorescence. The parameter used was F v / F m which indicates the maximum quantum yield or photosynthetic efficiency of PSII (photosystem II). In plants inoculated with L-7AH, the F v /F m ratio remained constant independently of the Hg concentration ( Fig. 4A ). Furthermore, all values were in the vicinity of 0.83 which is considered optimal for most plant species [25] . In plants inoculated with L-3, the F v /F m ratios measured, decreased as Hg increased and stabilized at concentrations of 50 mM and higher ( Fig. 4A ). The decrease began even at the lowest concentration of Hg and was very sharp.
Effect of mercury on stomatal conductance
The exposure of inoculated L. albus to Hg also had an effect on their stomatal conductance. As shown in Fig. 4B , in the absence of Hg, all inoculated plants had stomatal conductance values around 100 mmol m À2 s À1 . As Hg concentration increased, plants showed a 
Effect of mercury on nodulation
Hg exposure had a strong negative effect on nodulation in L. albus inoculated with both strains ( Fig. 5A and B ). Plants nodulated with L-7AH showed a significant decrease in both number and weight of the nodules as Hg concentration increased. However, when Hg concentration was 50 mM or higher, both values stabilized and remained constant ( Fig. 5A and B ). On the other hand, plants inoculated with L-3 also showed a significant decrease in both number and weight of the nodules as Hg concentration increased, but at concentrations of 50 mM or higher these plants did not nodulate ( Fig. 5A ). There were a few exceptions, plants watered with nutrient solution containing 50 or 100 mM Hg which formed one or two nodules but most plants had none. Fig. 5A ) but also to the lack of nitrogenase activity in the few nodules that were found in plants exposed to Hg concentrations between 50 and 100 mM. On the other hand, L. albus plants inoculated with L-7AH were able to maintain fairly constant levels of nitrogenase activity independently of the Hg concentration ( Fig. 6 ). In these plants, total nitrogenase activity decreased in parallel with the number of nodules as Hg concentration increased (data not shown), but each nodule retained the same capacity to reduce atmospheric N 2 in the presence of high concentrations of Hg as in its absence (Fig. 6 ).
Effect of mercury on nitrogenase activity

Discussion
Bioaugmentation-assisted phytoremediation by optimizing the synergistic effect of plants and their symbiotic microorganisms is a promising method for the clean-up of heavy metal-contaminated soils. This biotechnology is also called rhizoremediation [7] . In our work, the symbiosis between a legume (L. albus) and soil bacteria (B. canariense) has been used as a model system to study the capacity of this symbiotic pair to tolerate and/or accumulate Hg. Dary et al. [26] recently evaluated the in situ phytostabilization of heavy metals by Lupinus luteus plants inoculated with Bradyrhizobium sp. 750 and metal resistant PGPRs in soils with different levels of heavy metal contamination, and concluded that L. luteus inoculated with a consortium of metal resistant PGPRs could be useful for in situ reclamation of metal polluted soils. Likewise, El Aafi et al. [27] showed that L. luteus plants inoculated with metal resistant rhizobacteria improved the plants tolerance to metals. Our results showed that most Hg absorbed by the L. albuseB. canariense L-7AH symbiosis was mainly accumulated in the root system, so the resulting process is the rhizoremediation through phytostabilization of Hg. On the contrary, plants inoculated with the Hg-sensitive (L-3) strain did not accumulate large amounts of Hg in their roots or nodules, which suggests that the concentration of Hg in these tissues is dependent on some property of the specific bacteroids themselves.
Some bacteria are able to resist Hg contamination through chemical transformation of this heavy metal, involving the mer operon [28] . B. canariense strains L-7AH and L-3 were selected for the amplification of mer genes, but attempts repeatedly failed [14] , suggesting that these bacteria cannot reduce inorganic Hg to the volatile Hg 0 . Furthermore, besides measuring Hg concentrations in leaves, roots and nodules, Hg left in the vermiculite was also determined at the end of the experiments (data not shown), and the results evidenced that the sum of total Hg from leaves, roots, nodules and vermiculite totaled the same amount added in every treatment. These results support our belief that there was no, or extremely low, loss of Hg by atmospheric emission in our experiments. On the other hand, two genes (hgcA and hgcB) responsible for Hg methylation were recently identified in anaerobic bacteria [29] , but to our knowledge no Hg methylation has been detected in aerobic bacteria, such as rhizobia. Thus, the lack of hgc genes could explain the low concentrations of Hg in the aerial parts of our plants, since inorganic Hg is not readily translocated from the roots upward [5] . Krupp et al. [6] recently showed that rice and horehound plants use phytochelatins as self-protection or detoxification agents against Hg exposure. Similar results were obtained in other plant species, including the legume M. sativa [30] . The fact that Hg was not removed from the roots or nodules of L. albus in symbiosis with L-7AH when they were thoroughly washed, suggests that it was phytostabilized. The most likely mechanisms are chelation (by phytochelatins or other polymers) and storage in the root vacuoles, or binding of Hg to cell surfaces [1] .
The large accumulation of Hg in the root system of L. albus inoculated with L-7AH had no apparent phenotypic effect. This suggests that even though Hg affects several metabolic processes, the plants retained the capacity to maintain their homeostasis and remain undamaged. On the other hand, plants inoculated with L-3 were severely affected by Hg when its concentration was 50 mM or higher. The only difference between both groups of plants was the bacterial strain used to inoculate them and, therefore, the bacteroids in their nodules. Furthermore, it was previously shown that L. albus grown in the presence of an N source and Hg but not inoculated suffered similar Hg-related symptoms to those observed in plants inoculated with L-3 [13] . Consequently, it seems reasonable to propose that this bradyrhizobial strain (L-7AH) confers L. albus the competence to develop normally in the presence of Hg.
Plants inoculated with L-7AH were able to maintain the pigment content in their leaves, while the ones inoculated with L-3 weren't. L. albus grown in the presence of an N source and increasing concentrations of Hg but not inoculated, showed a decrease in leaf pigment accumulation similar to that observed in plants inoculated with L-3 [13] . These results could be explained in two ways: 1) Hg affected the translocation of N from the roots to the aerial parts or, 2) the Hg-induced decrease in pigment content was not related to the N availability in the leaves. Either way, the ability of plants inoculated with L-7AH to synthesize and accumulate pigments was probably not related to the preservation of the nitrogenase activity, since the presence of an N source is not enough to ensure pigment biosynthesis.
The inhibition by Hg of pigment accumulation in plants inoculated with L-3 may be related to its effect on photosynthetic efficiency. These plants showed a marked decrease in F v /F m values, particularly at high Hg concentrations, which is indicative of light stress and points to the phenomenon of photoinhibition. According to Genty et al. [31] , differences in PSII antenna size would result in differences in chlorophyll fluorescence and CO 2 assimilation. Therefore, the marked decrease observed in chlorophylls and carotenoids contents may result in a reduced antenna size and be the reason for the lower photosynthetic efficiency. Furthermore, if plants inoculated with L-3 have a reduced CO 2 assimilation, a decrease in their gas exchange needs may be a component of the Hg-induced decrease in stomatal conductance. On the other hand, HgCl 2 is a well known inhibitor of aquaporins in many plant species, including legumes [32] . It has been proposed that Hg-sensitive processes of water transport affect plant water balance by regulating root hydraulic conductivity, which triggers stomatal closure [33] . Thus, changes in water flow at the cell, root or whole plant level may be responsible for the decrease in stomatal conductance observed in L. albus inoculated with bradyrhizobia and exposed to Hg. Incidentally, the Hg-induced decrease in stomatal conductance was also observed in non-inoculated L. albus exposed to Hg [13] . Rothenberg et al. [34] recently discussed the use of HgCl 2 for plant growth or plant water transport studies (which occasionally exceeds by 2e6 orders of magnitude those of background sites), suggesting that real Hg concentrations in contaminated sites should be taken into account when studying its effects on plants. In our experiments, the range of Hg concentrations used span from zero to one order of magnitude above those in the Almadenejos soil [16] . Even at substantially high Hg concentrations, L. albus in symbiosis with L-7AH grew normally (only nodule number and weight, and stomatal conductance decreased) but, interestingly, no wilting or other water stress-related effects were observed.
Zeaxanthin is a minor component of the xanthophyll cycle, but has an essential role in photoprotection of the photosynthetic apparatus [35] . It was interesting to observe that the content of zeaxanthin in the leaves of L. albus inoculated with either bradyrhizobia remained constant independently of the Hg concentration. Probably, due to the importance of preventing photoinhibition of the photosynthetic apparatus under conditions of stress [35] , plants were able to maintain a minimum concentration of this xanthophyll.
It is well known that N deficiency, besides producing chlorosis, reduces shoot growth in most plants. Furthermore, it has been reported that low N delayed flowering in Lupinus angustifolius plants [36] . Consequently, the fact that L. albus inoculated with L-7AH were able to maintain their nitrogenase activity and therefore supply the aerial parts with reduced N, while plants inoculated with L-3 couldn't, may also explain the inhibition by Hg of both growth and flowering in plants inoculated with the Hg-sensitive strain. The fact that specific nitrogenase activity in the nodules of plants inoculated with L-7AH under heavy metal stress conditions is enough to sustain normal rates of growth, suggests that in the absence of Hg (when total nitrogenase activity is higher due to the larger number and weight of nodules) they may be capable of fixing and reducing N way in excess of the plant's needs. Nodulation is a high energy-consuming process [17] , and it seems reasonable that under stress conditions the plants save some energy by developing less nodules, just the essential to provide enough N for their needs.
On the basis of these results, it is proposed that the symbiosis L. albuseB. canariense L-7AH is an excellent model system to study the effect of Hg on the legumeeRhizobium symbiosis. The strain L-7AH is native to the Almadén area, is infective, effective and Hgresistant. Its use points out the benefits that can be achieved by selecting competitive strains among natural populations of rhizobia in bioremediation of contaminated soils. The fact that nodulation with B. canariense L-7AH confers L. albus the ability to develop normally under high concentrations of Hg and accumulate this heavy metal in their root systems suggests that this symbiotic pair could be a promising candidate for rhizoremediation of Hgcontaminated soils through phytostabilization.
Materials and methods
Plant growth
White lupin seeds (L. albus L. cv. G1) were surface-sterilized and planted in 60 1-L plastic pots filled with vermiculite. Each seed was inoculated twice, at the time of sowing and one week later, with one ml of B. canariense cell suspension in exponential growth phase. One half of the seeds were inoculated with the Hg-tolerant strain L-7AH (deposited in the CECT with the accession number 8017), isolated from an Hg-contaminated soil in Almadenejos (Spain) and characterized by Ruiz-Díez et al. [14] . The other half of the seeds were inoculated with the Hg-sensitive strain L-3 (isolated from a nearby non-contaminated soil) used as control and characterized by Ruiz-Díez et al. [37] . The plants were grown in a growth chamber under a 14 h light (23 C)/10 h dark (20 C) photoperiod for six weeks. Relative humidity in the chamber was maintained between 50 and 80%. Light was provided by a combination of incandescent and fluorescent lights with a photon flux density around 500 mmol m À2 s À1 photosynthetic active radiation.
The plants were watered three times per week. The composition of the lupin nutrient solution was according to Ruiz-Díez et al. [38] . The two groups of 30 plants were divided into six subgroups of five plants and watered with nutrient solutions containing different concentrations of HgCl 2 (0, 5, 25, 50, 100 and 200 mM). The watering protocol was: (1) the first week, each plant was watered with 25 ml of water; (2) the second week, 25 ml of nutrient solution diluted 1:4; (3) the third week, 50 ml of nutrient solution diluted 1:2; (4) the fourth, fifth and sixth weeks, 50 ml of nutrient solution.
Mercury concentrations in the Almadenejos soil, where L-7AH was isolated from, can be up to 15,900 mg kg À1 [16] . It is generally accepted that only 0.2% of this Hg is easily available to plants, which adds to 31.8 mg kg À1 in that soil. By watering our plants with nutrient solutions containing 0e200 mM HgCl 2 , we were assuming that final concentrations of Hg in the substrate (after six weeks) would be 0, 2.55, 12.75, 25.5, 51 and 102 mg kg À1 . This allowed us to study whether Lupinus plants inoculated with L-7AH or L-3 grew under a range of conditions, from no Hg to extremely high Hg (although only one order of magnitude higher than that in the field).
Stomatal conductance and chlorophyll fluorescence measurements
After five weeks of growth, stomatal conductance and chlorophyll fluorescence were measured in the full-grown intact plants. Both types of measurements were non-invasive and allowed us to maintain the plants intact until the end of the sixth week. Stomatal conductance was measured using an SC-1 portable steady-state leaf porometer from Decagon Devices Inc. (Pullman, WA, USA) inside the growth chamber. Two measurements per plant were taken in the youngest, fully developed leaves. For chlorophyll fluorescence measurements, the plants were taken out of the growth chamber and exposed to sunlight (w2000 mmol m À2 s À1 ) for 1 h. Then, they were dark-adapted for 15 min. Afterward, two measurements of chlorophyll fluorescence were taken in the youngest fully developed leaves of each plant, using a PAM-2000 chlorophyll fluorometer from Heinz Walz GmbH (Effeltrich, Germany).
Plant collection
At the end of the sixth week, all plants were collected. Aerial parts were separated from root systems. After leaf discs (one cm in diameter) were separated and frozen in liquid N for Hg and pigment analyses, the aerial parts were oven-dried and weighted. The root systems were used for measurements of nitrogenase activity and, later, nodules were separated, counted and weighted. Samples of roots and nodules were thoroughly washed with tap water (until all vermiculite had been removed), rinsed with deionized water and then frozen in liquid N for Hg analysis.
Nitrogenase activity measurement
Nitrogenase activity was measured using the acetylene reduction assay as described in Ruiz-Díez et al. [38] . Gas samples were analyzed in an 8310 gas chromatograph from PerkineElmer (Norwalk, CT, USA), equipped with a hydrogen flame ionization detector and a column filled with Poropack R using nitrogen as carrier gas at a flow of 50 ml min À1 .
Pigment extraction and analysis
Leaf discs were homogenized in a mortar with acetone, a small measure of sodium ascorbate and pre-washed sea sand. The extract was filtered and injected in a Waters 616 HPLC system equipped with a Waters 996 photodiode array detector (Milford, MA, USA). The mobile phase consisted on a 15 min linear gradient from 100% solvent A (acetonitrile/methanol/0.1 M Tris buffer pH 8 (42/1/7, v/v/ v)) to 100% solvent B (ethyl acetate/methanol (8/17, v/v)), followed by a 18 min isocratic run of 100% solvent B, a 1 min linear gradient to 100% solvent A and a 5 min isocratic run of 100% solvent A to stabilize the system. The column was a Waters Spherisorb ODS-2 (5 mm particle size) kept at 30 C, the flow was 1.2 ml min À1 , the sample volume was 25 ml and the detector was set to 445 nm. This method allows quantifying chlorophyll a, chlorophyll b, neoxanthin, violaxanthin, antheraxanthin, zeaxanthin, lutein and bcarotene.
Determination of mercury concentration in plant tissues
Leaf, nodule and root samples (previously frozen in liquid N and preserved at À80 C) were used for Hg determination. Samples were lyophilized for 48e60 h. During that process, a temperature of À50 C and a pressure of 40e50 mbar were attained. The samples were weighted after lyophilization and prior to the analyses; therefore data of Hg content in leaves, roots and nodules are referred to dry weight. Total Hg content was analyzed using a Lumex RA-915 þ Zeeman Mercury Spectrometer from Ohio Lumex Co. (Arlington, VA, USA), according to Molina et al. [3] .
Statistical treatment of the results
The protocol described in the Plant growth section (60 plants inoculated with either of two B. canariense strains and grown in the absence or presence of different concentrations of Hg) was repeated four times with similar results. Two of these independent experiments were selected for data analysis. The data presented here are the means AE standard deviations (S.D.) of: (1) ten replicates of Hg content, aerial part biomass, number of nodules, fresh weight of nodules and nitrogenase; (2) six pigment content analyses; and (3) 20 determinations of chlorophyll fluorescence and stomatal conductance (two measurements per plant done in ten plants). For each variable, the significance of the differences between means was tested by one-way analysis of variance (ANOVA). Significant differences were separated by the Least Significant Difference test (P 0.05). All calculations were performed using the SPSS v21.0 software.
